A performance comparison of a CdTe and a CdZnTe detector when exposed to uranium samples of various isotopic enrichments has been performed. These highresolution detectors can assist in the rapid determination of uranium isotopic content of illicit material. Spectra were recorded from these "room temperature" semiconductor detectors with a portable multi-channel analyzer, both in the laboratory and in a field environment. Both detectors were operated below ambient temperature using the vendor supplied thermoelectric coolers. Both detectors had nominally the same active volume (18 mm 3 for the CdZnTe and 25 mm 3 for the CdTe detector) and resolution (i.e., <1.0 keV resolution FWHM at 59.5 keV). Spectra of samples of known isotopic content were recorded at fixed geometries. An evaluation of potential signature γ rays for the detection of enriched uranium was completed. Operational advantages and disadvantages of each detector are discussed.
Introduction
There is a need to improve the detection sensitivity during the interdiction of special nuclear materials (SNM) * for increased homeland protection. It is essential to provide additional tools to first responders and law enforcement personnel for assessing nuclear and radiological threats.
The presence of penetrating radiation is a signature of most SNM. The passive detection of γ-rays or neutrons is presently the most effective screening tool for detecting illicit SNM. Some active interrogation techniques are also used in the field but these are usually at fixed monitoring locations. While plutonium can be detected with passive γ-ray and/or neutron techniques, the field detection of highly enriched uranium (HEU) * is more difficult since the γ-rays are low in energy, the γ-ray emission rate is low, and there is no appreciable spontaneous fission rate. Additional complications arise as there is an abundance of uranium bearing materials that are part of normal commerce and uranium also appears as a component in many naturally occurring radioactive materials. The ability to quickly identify uranium that has been isotopically enriched in 235 U using a hand-held instrument is one of the goals of this study.
Recent developments in semiconductor detector technologies have opened new
possibilities for the field measurement of γ-ray and X-ray radiations in the 10-500 keV region of the spectrum. Cadmium-zinc-telluride (CZT) or cadmium-telluride (CdTe) semiconductor detectors, that can be operated without cryogenic cooling, have permitted the field measurement of energy spectra from radiation sources using hand-held instruments with greatly improved energy resolution over more traditional NaI scintillation detectors. This capability greatly improves the ability to detect, locate and identify radiation sources and discriminate between items of commerce, naturally occurring radioactive material and nuclear contraband. CZT or CdTe detectors have a significant advantage over high purity germanium (HPGe) detectors in their compact design without the need for cryogenic cooling. * HEU contains ≥20 percent by weight of U-235
The major disadvantage of these room temperature semiconductor detectors is the low radiation detection efficiency due to their small size. The selection of the best γ-ray or X-ray detector for a specific application is therefore a compromise between energy resolution and detection efficiency. 
Experimental
The response of the two detectors was measured using various radionuclides with γ-ray and X-ray emissions following standard spectroscopic practices. Spectra were recorded and analyzed using vendor-supplied firmware for data acquisition, multichannel analyzers and software for analyzing the spectra. Energy, efficiency and peak shape calibrations were determined using standard radioactive sources for each detector over The spectrum of natural uranium in equilibrium with all its progeny is very complex and easily identified by its higher energy γ-ray signature
4
. A typical low energy γ-ray spectrum for a small unprocessed uranium sample that is in radioactive equilibrium with all its progeny is shown in Figure 1 . The most prominent feature of the spectrum, recorded with the 5 x 5 x 1 mm CdTe detector, is the Bi K α X-rays at 74 and 77 keV.
Other radiations from the decay daughters are also indicated on the spectrum including a trace of the 186 keV γ-ray from 235 U.
Uranium that has been chemically processed has a less complex γ-ray spectrum; U) was calculated (see Table 2 ). wt. %). The calculated emission rate for this γ-ray is 15.6 γps/gm U for a natural uranium sample as compared to the other γ-rays given in Table 2 The second region of interest in the spectra of uranium samples is the 75-125 keV energy range. This region is shown in Figure 3b for the 68% enriched uranium sample and a natural uranium sample. This region of the spectrum contains γ-rays and X-rays from the decay of the uranium isotopes and their equilibrium decay progeny. The X-rays are the K α1 and K α2 and the K β1 and K β2 from the various isotopes. The dominant X-rays in this energy region are the K α1,2 from U and Th (see Table 2 .). From Table 2 one might expect the uranium X-ray at 98.4 keV to be a possible indicator of 238 U since there is no corresponding radiation in the decay of 235 U nor its equilibrium progeny in this energy range. Inspection of Figure 3b reveals that the spectrum of the enriched uranium sample contains a significant peak at ~98 keV. This is probably due to the X-rays produced in the bulk uranium sample as a result of the increased specific α-activity causing secondary uranium fluorescence. As can be seen in the spectrum, the 92 keV γ-rays from 234 Th are obscured by the K α X-rays from uranium in the enriched uranium sample spectrum.
The third region of interest in the uranium spectra is shown in Figure 3c Initial evidence also suggests the presence of HEU can be determined by inspection of the X-ray energy region of the spectrum taken with these detectors by noting the relative intensity of the K α X-rays (93 and 98 keV) characteristic of uranium.
The primary advantage of the CdTe detector over the other CZT detectors tested during this study was its packaging. The CdTe is part of a total man-portable instrument for field use (mfg. by AmpTek, Inc.). The 3x3x2 mm CZT detector used in this study (mfg. by eV Products) required external amplification, an ADC, a MCA, and a source of power. Both instruments utilize semiconductor detectors that are cooled below ambient conditions which provides improved detector resolution and stability. As other manufacturers begin to incorporate thermoelectrically cooled CZT or CdTe detectors into their hand-held portable spectrometers, these instruments should become a useful tool for first responders and law enforcement personnel to detect nuclear contraband and protect themselves and the general public from potential acts of nuclear terrorism. The decay scheme data were taken from the PCNUDAT Nuclear data file produced by the National Nuclear Data Center at Brookhaven National Laboratory, Upton NY Figure 1 . Spectrum of uranium in secular equilibrium with its decay progeny taken for 10 minutes with the CdTe detector. 
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